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INTRODUCTION
Several studies in the past have supported the hypothesis that total alkalinity and related parameters of total dissolved solids and specific conductance are positively related to the productivity of aquatic ecosystems. This association has been well documented in lakes by studies that have used correlative analyses of alkalinity measures and parameters of primary and secondary productivity (e.g., Moyle 1946 
, Northcote and Larlin 1956, Rawson 1960, Ryder 1965, Donald et al. 1980). Manipulation experiments in lakes have also supported the hypothesis (Waters and Ball 1957).
Associations between alkalinity and productivity in streams, while less commonly reported, have also been observed. Early investigations on benthic invertebrates in trout streams indicated higher productivity in streams of higher alkalinity, at least within a broad geographic region (Tarzwell 1938 , Needham 1940 ). Estimates of fish production in streams have been positively correlated with alkalinity (Cooper and Scherer 1967, Mann 1971 , O'Connor and Power 1976). However, no investigations specifically on the association of benthos production with alkalinity or other water quality indices have been reported in the literature. Experimental evidence suggests that such a relationship between production and alkalinity could be mediated through alterations in the quantity and quality of food for invertebrates (e.g., Egglishaw 1968) .
Production estimates for a single species of stream invertebrate are common; however, the estimation of production rates for entire stream invertebrate communities, or even for major groups, is rare (Waters 1977) . Those production studies of entire invertebrate The present study was undertaken to provide comparable estimates of the total macroinvertebrate annual production from the riffles of three widely differing streams. Streams were selected to provide a wide range in geologic origin and alkalinity. Alkalinity and other physical and chemical parameters such as discharge variability and nitrates were compared with benthic production among streams to identify associations. Fish standing stocks were also examined for their potential relationship to invertebrate production.
STUDY SITES
Three first-order streams in Minnesota, USA, covering a wide range of geologic origin, were selected for this study: North Branch Creek (Root River-Mississippi River drainage), Blackhoof River (Nemadji River-Lake Superior drainage) and the Caribou River (Lake Superior drainage). The Caribou River (47032'N, 91'04'W) in northeastern Minnesota, flows 19 km directly into Lake Superior. The stream originates from bogs and has a drainage area underlain by igneous and metamorphic rock. At the study site the average width of the stream was 4.5 m at base flow. The Caribou had the lowest alkalinity of the three streams, 34 mg/L (95% C = 28-40 mg/L). The Blackhoof River (46033'N, 92029'W) located in east-central Minnesota, flows over glacial till in its upper reaches and over the red-clay deposits of Glacial Lake Nemadji in its lower portions. The study site was located in an area where the stream cuts across beaches and deposits of the glacial lake. The average width of the river at the study site was On each stream a single riffle was selected for the invertebrate bottom sampling. Lengths of riffles were 11, 25, and 64 m for the Caribou River, Blackhoof River, and North Branch Creek, respectively. Determination of similarities and differences among study riffles in the three streams was possible through an analysis of water depth, velocity, and substrate particle size distribution of each bottom sample location (Table 1) . More than 55% of the study site substrate, in each stream, was composed of cobble, pebble, and gravel.
METHODS
A sampling site visit was made to each stream approximately once per month from February 1977 to February 1978. On each visit, samples of benthic invertebrates were collected, and measurements were made of total alkalinity, nitrates, pH, color, turbidity, and discharge. Invertebrate drift samples were also collected on each visit; the drift results will be reported in a later report.
Morphological and substrate characteristics were measured monthly at each study stream (Table 1) . Dissolved oxygen and nitrate were measured using Hach Kits (models Al-36B and NI-l 1). Total alkalinity (CaCO: concentration) was determined in the field by methyl orange titration; pH was measured with a Sargent 5-30007 PB portable pH meter. Water turbidity was measured in nephelometric turbidity units (NTUs), using a Hach 2100A nephelometer from 250-mL samples preserved with HgCI. Color (compared with standard platinum solutions in milligrams per litre) was determined using a Hellige water color testing apparatus (United States Geological Survey model). Stream discharge was obtained using the mid-section method and a Gurley Price-pattern pygmy current meter. At each bottom sample location, water velocity was measured at 0.6 of water depth from the surface at base flow. Percentage substrate composition of bottom sample locations was obtained by visual estimation, using the classification of Cummins (1962) . Two exceptions were that all sand types were noted only as "sand" and that no distinction was made between silt and clay. Substrate dissolved oxygen was determined with a micro-Winkler technique (Eniksen 1963) that used glass syringes to avoid air-water contact. A stainless steel groundwater standpipe similar to that described by Terhune (1958) was placed at the downstream end of each study riffle in order to sample water within the substrate at ~23-cm depths for oxygen determinations. Water was also sampled at shallower depths (a 10 cm), using a stainless steel device similar to that described by Eriksen (1963) .
Benthic invertebrate samples were taken from the riffle sites with a modified Surber sampler (0.1 IM2) (Krueger and Cook 1981); 10 samples were taken at each visit from the Blackhoof River and North Branch Creek and 6 from the Caribou River, the last having a relatively short riffle. Samples were located on laterals separated evenly through the length of the riffle and on a given lateral with a table of random numbers, similar to the procedure used by Waters and Hoken- (Stewart 1978 ) was used and two 1/20th subsamples were sorted. The invertebrates were then classified and counted into the lowest-practicable taxon, usually to genus. Adults collected at streamside or reared from larvae were used for most species classifications. Invertebrates abundant in the bottom samples, excluding Oligochaeta and Chironomidae, were separated by taxon into size-classes based on either body length, dorsal head widths, or pronotum width. Specimens that were in good condition when measured were set aside by size-class for later weighing. Mean wet mass per individual for each size-class was measured after centrifugation (1250-1500 RPM for 2 min) to remove excess water. Molluscs were decalcified in 0.1 g/L HCl, and the trichopterans were removed from their cases prior to weighing. Invertebrates less common in the bottom samples were weighed in a similar manner but not sorted into sizeclasses. All data are expressed herein as wet mass; they can be converted roughly to dry mass by the factor, x 0. 17 (Waters 1977) . Production rates were computed using the size-frequency ( 
Physical and chemical stream parameters
The Caribou River had the lowest alkalinity (34 mg/ L), pH (6.8), nitrates (1.0 mg/L), and turbidity (2.1 NTU) of the three streams ( Table 2 ). The bedrock composition and sparse glacial till along the Caribou account for the low alkalinity, pH, and turbidity, while the low nitrates may reflect the lack of agriculture in the area. The Blackhoof River was intermediate in alkalinity (83 mg/L), pH (7.4), and nitrates (2.0 mg/L) but had the highest discharge (0.580 m3/s) when compared to the other streams ( Table 2 ). The brown color observed in the Blackhoof and Caribou Rivers was apparently related to the bog origins of these streams. North Branch Creek had the highest alkalinity (245 mg/L), pH (8.3), and nitrates (5.0 mg/L), while having the lowest mean discharge and color ( Table 2 ). The prevalence of limestone bedrock in this area accounts for the high alkalinity and pH, whereas the high nitrates were probably the result of agricultural runoff. Dissolved oxygen was at or near saturation levels at all times in each of the three streams. Mean annual water temperature at about midday was 12?-13?C in all three streams (Table 2) . Substrate oxygen concentrations were also measured at the three study sites (Fig. 1) , due to the potential effect on invertebrate vertical distribution (Cummins 1975 (Nebeker 1972 ). Though oxygen levels appear relatively high at this depth in the other two streams, it is not expected that significant numbers of invertebrates occurred much deeper, due to an increased compactness of the substrate below this depth. At 23 cm depth, oxygen was very low at all localities, ranging from 1.6 (Blackhoof) to 0.54 mg/L (Caribou). It seems unlikely that animals requiring normal levels of oxygen could occur at this depth (Davis 1975 ). i'icariutm (Ephemeroptera) were the most-significant contributors to benthic production (Table 3) . Tiplda (Diptera) dominated the shredder production estimates, while Hydropsyche (Trichoptera) and Simuliidae comprised the majority of the collector-filterer production. Ephemeroptera and Oligochaeta accounted for 68% of the annual production from the collectorgatherer/deposit-feeder group. Hirudinea, Odonata, and Polycentropus (Trichoptera) comprised 85% of the carnivore estimate. In the Blackhoof River, Hydropsyche (Trichoptera) was the most-significant contributor to macroinvertebrate annual production (Table 4) . Tipula and Prostoia similis (Plecoptera) accounted for 63% of the shredder production estimate. Hydropsyche (Trichoptera) and Simuliidae comprised the majority of the collector-filterer production. Much of the production in the collector-gatherer/deposit-feeder group was by Ephemeroptera nymphs (notably Baetis). Isogenoides oliv1ceus (Plecoptera) and Atherix (Diptera) constituted 74% of the carnivore production.
In North Branch Creek, Chironomidae and Oligochaeta were the most significant contributors to benthic production (Table 5) . Tipulidae comprised 78% of the shredder annual production, while Hydropsyche and Brachycentrus (Trichoptera) constituted the majority of the collector-filterer production. Ephemeroptera and Diptera accounted for 74% of the annual production for the collector-gatherer/deposit-feeder group. The greater part of the carnivore production was by Tabhnidae and Sialis dreisbachi (Megaloptera).
Relative contributions by functional groups to benthic production were generally similar among the three streams (Tables 3-5 ). For example, invertebrate production rates were always largest in the collector group and usually least in the scraper group. The most notable difference occurred within the collector group; in the Blackhoof River, filterer production predominated in contrast to the other streams where gathererdeposit feeders predominated. Annual P/B ratios determined by the size-frequency production estimates of the 17 univoltine genera ranged from 2.9 to 7.3, with an average of 4.0 (Tables 3-5 Table 6 ). Trout species (Salmo and SalNelinus) in the Caribou River, Blackhoof River, and North Branch Creek comprised 71, 80, and 25% of the total standing stock, respectively.
In the Caribou River, the most abundant fish were brook trout (Salvelinus Jontinalis), which contributed 71% of the total standing stock in wet mass. Slimy sculpins (Cottus cognatlis) were also common and comprised 20%o. Cyprinids accounted for most of the remaining 9%.
In the Blackhoof River, brown trout (Salmo trutta) (43%), rainbow trout (S. gairdneri) (37%), and brook trout (0.02%) contributed 80% to the standing stock; other than mottled sculpin (C. bairdi) (20%), no other significant component of the community was observed. Northern brook lampreys (Ichthyomyzon fossor) were also present; however, no estimates were made for these fish.
In North Branch Creek, 75% of the total fish standing stock was accounted for by slimy sculpins (43%) and white sucker (Catostomus commersoni) (32%). The balance of the standing stock was principally contributed by brown trout (25%).
DiscussIoN
Inv ertebrate production ivs. physical and chemical parameters Annual production by invertebrates by trophic level appeared positively correlated with nitrates and alkalinity (Fig. 2) . Invertebrate production, alkalinity, and nitrates were highest in North Branch Creek, intermediate in the Blackhoof River, and lowest in the Caribou River. Description of separate production associations between alkalinity and pH would be inappropriate since these chemical parameters are strongly related to each other. Correlation coefficients between production and mean alkalinity (herbivoredetritivore r = .99; carnivore r = 1.0) and mean nitrates (herbivore-detritivore r = .99; carnivore r = 1.0) were significantly different from zero (P < .05); however, these statistics should be interpreted cautiously since their calculation was based on only three data points. Alkalinity may affect invertebrate production through alterations of detrital decomposition rates. Egglishaw (1968) reported that streams with hard water (or high alkalinity) had a quicker turnover of organic matter and supported more invertebrates than soft-water streams. In this case, pH, controlled in part by the buffering properties of alkalinity and calcium ions associated with hard water, was suspected to be involved. In addition, alkalinity through its effect on pH may control the flocculation and precipitation of dissolved organic matter (DOM) in streams. Lush and Hynes (1973) found that in acid water precipitation of DOM was delayed when compared to more basic conditions. Alkalinity may reflect the ability of a stream system to process detritus and the propensity of DOM through precipitation to become an available food source for invertebrates. However, caution is advised in attempting to relate alkalinity alone to the productivity of streams; the relationship may be partly or TABLE 
Annual production by invertebrates from the Blackhoof River, March 1977-February 1978 (as wet mass). Production calculations were by the size-frequency (S-F) or production/biomass (P/B) ratio (PB) methods. Voltinism of the invertebrates was either univoltine (U), semivoltine (S), or multivoltine (M).
Annual production (g/m2) 
466.4
totally indirect. For example, higher alkalinity may be associated coincidentally with a deciduous watershed (higher quality detrital input) and lower alkalinity with a coniferous watershed, and streams with high alkalinity may also be more prevalent in agricultural areas with higher nitrates or organic residue inputs. Nitrates were also positively associated with invertebrate production in the study streams. Increased nitrogen has been shown to accelerate the rate of decomposition of detritus and increase the protein content of leaves through microorganisms colonization (Suberkropp and Klug 1976). Detritus conditioned by microbes has been reported to be preferentially consumed by invertebrates (Kaushik and Hynes 1971, Barlocher and Kendrick 1973). Increased nitrates, by producing a favorable environment for microorganisms, may affect invertebrates and their production through the maintenance of higher-quality food. Haefner and Wallace (1981) reported higher production of two caddisflies in one of two streams having higher nitrates.
It may be argued that differences in production among the streams was simply due to differences in the amount and type of terrestrial photosynthetic input to the stream. Invertebrates in woodland streams in temperate climates have been shown to depend largely upon terrestrial inputs of organic matter, such as leaves (Cummins 1975 ). In the present study, field observations did not suggest obvious differences in terrestrial input among streams. All study areas occurred in deciduous forests. Predominant tree species were elm (Ulmus) along North Branch Creek, alder (Alnus) and maple (Acer) along the Blackhoof River, and alder along the Caribou River. Leaves of each of these species have been reported to be rapidly processed in stream ecosystems (e.g., Kaushik and Hynes 1971, Petersen and Cummins 1974, Short et al. 1980 ). In addition to terrestrial inputs, autotrophic sources occasionally contribute significantly to stream community energy budgets (Minshall 1978) . In the present study there were observable differences in autotrophy among study sites. In North Branch Creek plant growths of Ranunculus and algae were abundant, whereas similar autotrophs were not observed in the other streams. Contributions of such inputs to invertebrate production may be direct through animals such as scrapers (scraper annual production was highest in North Branch Creek [ Table 5 ]), or indirect through detrital pathways (Minshall 1978) . As a result, energy inputs from autochthonous sources may have provided an additional energy source for invertebrates in North Branch Creek. Plant abundance in North Branch Creek may have been related to the higher nitrate levels observed in the stream (Hynes 1970 ) and may have contributed to the association between invertebrate production and nitrate (Fig. 2) .
North Branch Creek, in addition to having the highest alkalinity and nitrates, had the highest fine-particle proportion in the substrate, a quality probably related to its slower current velocity (Table 1) . Since, of the three streams, North Branch Creek was the only stream near any agricultural area, it is possible that agricultural organic input, accumulated in the fine sediments, was an important factor in the higher benthic production.
It is not possible to determine whether invertebrate production among the study streams was controlled by factors affecting organic matter processing or regulated by photosynthetic energy input differences. A suggestion that invertebrate production was regulated through one factor such as alkalinity, nitrates, substrate, etc., would be oversimplistic; rather, a multiplicity of factors in combination with a variable scale of interaction must govern secondary production.
The organic material input to a stream would seem to set the upper limit of secondary production under optimum conditions. Production may then be regulated at some level below this limit by factors such as physical and chemical parameters that influence the microbial conditioning of organic matter. The mode of action and degree of effect that each factor has in a stream is probably particularly determined by the form of the energy input (e.g., leaf species, allochthonous or autochthonous, and particulate or dissolved). Each of these variables in combination probably influences the overall efficiency of organic matter utilization by the stream community.
Inv~ertebrate production vs. fish standing stocks
Total fish standing stocks appeared to have a positive association with both invertebrate herbivore-detritivore and carnivore production (Fig. 2) . Caribou River, which had the lowest invertebrate production for both trophic levels, also had the lowest fish standing stock. Similarly, the Blackhoof River was intermediate and North Branch Creek was highest for these estimates. Since most of the fish species in these streams utilize benthos for food, it is not an unexpected result that the production by the lower trophic level (invertebrates) was positively associated with standing stock of a higher trophic level (fish). The results of the present study emphasize the role of invertebrate food production in determining fish biomass; the maximum attainable fish standing stock is probably set by invertebrate production but may be regulated at some lower level by other factors such as space.
We also examined whether the benthos production rates appeared to be adequate as a food base to support the fish standing stocks. In general, if annual P/B ratios for fish (e.g., in Waters 1977) are used to approximate annual production from estimated fish standing stocks, it would appear that the invertebrate production was not sufficient to support fish production. This anomaly has been termed "Allen's paradox" (Hynes 1970 ) after the observations of Allen (1951), who calculated extremely high fish production relative to invertebrate populations serving as fish food resources. As indicated above, the production of some invertebrates, dipterans particularly, may have been underestimated. However, it seems that the fish, particularly trout, utilize additional food resources such as terrestrial invertebrates that fall into the streams, as well as other fishes that are detritivorous, such as catostomids and cyprinids. Another relevant factor was that, whereas the invertebrate samples were on only riffle sites, the fish standing stock estimates were made in stream sections that included riffles, pools, and some snag habitats (brush piles and log jams); production by detritivorous invertebrates in pools (collector-gatherers) and snag habitats (filterers) could have been high relative to production by rheophilic invertebrates on the riffles. Furthermore, detritivorous fishes (catostomids and cyprinids) could have provided substantial food resources, particularly in pools, to the trouts.
